Oncolytic vaccinia virus is an attractive platform for immunotherapy. Oncolysis releases tumor antigens and provides co-stimulatory danger signals. However, arming the virus can improve efficacy further. CD40 ligand (CD40L, CD154) can induce apoptosis of tumor cells and it also triggers several immune mechanisms. One of these is a T-helper type 1 (Th1) response that leads to activation of cytotoxic T-cells and reduction of immune suppression. Therefore, we constructed an oncolytic vaccinia virus expressing hCD40L (vvdd-hCD40L-tdTomato), which in addition features a cDNA expressing the tdTomato fluorochrome for detection of virus, potentially important for biosafety evaluation. We show effective expression of functional CD40L both in vitro and in vivo. In a xenograft model of bladder carcinoma sensitive to CD40L treatment, we show that growth of tumors was significantly inhibited by the oncolysis and apoptosis following both intravenous and intratumoral administration. In a CD40-negative model, CD40L expression did not add potency to vaccinia oncolysis. Tumors treated with vvdd-mCD40L-tdtomato showed enhanced efficacy in a syngenic mouse model and induced recruitment of antigen-presenting cells and lymphocytes at the tumor site. In summary, oncolytic vaccinia virus coding for CD40L mediates multiple antitumor effects including oncolysis, apoptosis and induction of Th1 type T-cell responses.
INTRODUCTION
Immunotherapy of cancer has resulted in recent clinical successes validating the potential of the approach. A key realization has been that in addition to induction of an antitumor immune response, reduction of tumor immune suppressiveness is also required. Oncolytic vaccinia virus seems a promising platform for immunotherapy. However, given its expression of anti-inflammatory molecules, [1] [2] [3] an 'arming' strategy with immunostimulatory molecules is useful to maximize the immunotherapeutic effect.
Vaccinia virus (vv) is a genetically complex DNA virus encoding a large number of genes, some of which have immune-evading properties allowing the virus to establish local pockets of infection within an infected host. In the current work, we have used a Western Reserve double-deleted vaccinia virus (vvdd) that is restricted to tumor cell growth as it has deletions in the virally encoded thymidine kinase and vaccinia growth factor (VGF) genes. 4 These mutations restrict virus replication to cells that overexpress E2F (the transcription factor that regulates cellular TK expression) and have activated epithelial growth factor receptor pathways. 5 Antigen-presenting cells (APCs) such as dendritic cells (DCs) present antigens to T cells and have the ability to determine between immune response and tolerance. Normally, peptides derived from endogenously expressed proteins are presented by APC in the context of MHC class I (MHC I) to CD8 þ T cells, whereas peptides obtained from exogenously derived proteins are normally loaded onto MHC class II (MHC II) for presentation to CD4 þ T cells. However, exogenous antigens can be also loaded onto MHC I for 'cross-presentation' to CD8 þ T cells. 6 In tumor-draining lymph nodes, both cross-priming and cross-tolerization have been reported, tumor antigen-specific T-cell proliferation has been detected, but the numbers of T cells proliferating are often too low, and therefore the overall effect of CD8 þ T-cell activation does not always result in inhibition of tumor growth. 7 High expression of co-stimulatory factors that act directly on T cells has been proposed to enhance T-cell activation. CD154, also known as CD40L, is one such molecule. Normally it binds to CD40 on APC, which can trigger various signaling cascades on the target cell. In general, CD40L functions as a co-stimulatory molecule and induces activation in APC in association with T-cell receptor stimulation by MHC molecules. 8 In addition to its effect on the immune system, CD40L also promotes direct apoptosis of CD40 þ cells. [9] [10] [11] Recombinant CD40L has been used in trials, with some efficacy, but systemic adverse events limited the dose that could be achieved locally, resulting in suboptimal efficacy. 12 Monoclonal antibodies against CD40 have also provided exciting proof-of-concept data. 12 Although CD40L as arming device has been explored in the context of other viral platforms such as adenoviruses [13] [14] [15] [16] [17] or other gene therapy approaches, [18] [19] [20] the combination of the oncolytic efficacy of vvdd and the immunological effects of CD40L have not been fully studied.
Recent observations have also underlined the importance of the type of death tumor cells undergo. The immunogenicity of cell death can significantly influence subsequent antitumor immune response and the overall efficacy of a drug. [21] [22] [23] Specifically, it has been suggested that the translocation of the endoplasmic reticulum resident calreticulin-ERp57 complex to the plasma membrane is useful for immunogenic cell death. 24 Subsequently, it was shown that the nuclear alarmin HMGB1 has to be released into the tumor microenvironment to engage TLR4 on host DCs to facilitate antigen processing and presentation. 25 Finally, it was reported that ATP release from dying cells stimulates DCs for T-cell priming. 26 This emerging theory applies also to biological drugs including oncolytic viruses. 17 
RESULTS
Generation of human and murine CD40L-expressing vaccinia virus CD40 ligand (CD40L, CD154) can induce apoptosis of tumor cells and it also able to trigger several immune mechanisms. One of these is a T-helper type 1 (Th1) response that leads to activation of cytotoxic T-cells and reduction of immune suppression. The advantages of CD40L-expressing oncolytic viruses 16, 17 together with encouraging results with oncolytic vaccinia virus [27] [28] [29] lead us to generate novel oncolytic vaccinia virus expressing hCD40L (vvdd-tdtomato-hCD40L). To gain a more in-depth understanding of the mechanisms of CD40L in modulating the immune response, we generated also the same virus encoding murine CD40L (vvdd-tdtomato-mCD40L). Viruses are based on Western Reserve vaccinia viruses featuring deletions in the thymidine kinase (TK) and vaccinia growth factor (VGF) genes for improved cancer cell selective replication. (Transgenes were driven by vaccinia virus P7.5 or the synthetic PE/L promoters. In contrast to previous Western Reserve strain-based vaccinia designs, which have only featured an insertion into TK, we engineered a deletion of the TK region to completely avoid the possibility of back-recombination, which could result in a wildtype TK gene (Figure 1a) . The virus genome also includes a cDNA expressing the tdTomato fluorochrome in order to facilitate identification of the virus in vitro using fluorescence microscopy ( Figure 1b ) and in vivo from subcutaneous tumors using imaging devices 30 ( Figure 1c ). Compared with prior commonly used flurophores, such as green fluorescent protein, tdTomato possesses greater tissue penetration. 31 The expression of the the CD40L transgene does not compromise the oncolytic activity of the viruses As it has been shown that CD40L can have antiviral activity, 32 we assessed whether the oncolytic activity of the newly generated virus had remained unaltered. Different cell lines were infected with vaccinia vvdd-hCD40L-tdtomato and vvdd-tdtomato and assayed cell viability (Figure 2 ). Complete cell killing of A549, M4A4-lm3 and EJ cells was seen after 3 days at a dose of 1 p.f.u. per cell. Interestingly, we did not observe any significant difference between the two viruses in any of the tested cell line, indicating that the expression of this transgene did not significantly altered the biology of the virus that was still able to infect and kill human cancer cell line. When oncolytic effect of vvdd-mCD40L-tdtomato was assessed in comparison with the unarmed virus, viruses were equally oncolytic and B16-ova cells were completely killed 3 days after infection at a dose of 1 p.f.u. per cell (Supplementary Figure 2) , indicating that also vvdd-mCD40L-tdtomato retains oncolytic potency in vitro.
vvdd-hCD40L-tdTomato promotes a more immunogenic form of cell death compared with control virus Calreticulin exposure as well as ATP and HMGB1 release have been recently proposed as in vitro measurable indication of an immunogenic cell death. 33 We have previously shown that an oncolytic adenovirus-expressing hCD40L is able to stimulate immunogenic cell death as measured through the release of these markers. 17 HMGB and ATP release to the supernatant as well as calreticulin exposure on the cell surface was analyzed following 12 h after infection with vvdd-hCD40L-tdTomato or vvdd-tdtomato. We found that CD40 þ EJ cells were responsive to vvdd-hCD40L-tdTomato, although only the enhancement of calreticuline exposure on EJ cells was considered statistically significant (Figures 3a-c) . We tried to repeat the analysis also with later time points, but results were confused by the fact that oncolysis mediated by the virus starts killing the cells, masking the effect of CD40L, which was the purpose of these sets of experiments. However, it is possible that the release of HMGB1 and ATP should ideally be analyzed at later time points. 34 vvdd-hCD40L-tdTomato displays tumor-restricted expression of the transgene One of the most important advantages of using armed oncolytic viruses is their capability to replicate and express the transgene locally at the tumor site for increased local efficacy while reducing side effects due to high systemic concentrations. We performed several in vitro and in vivo experiments to study the expression of hCD40L from vvdd-hCD40L-tdTomato. A549 cell line was infected with different concentrations of the virus, and human CD40L was measured in the media at different time points (Figure 4a ). vvddtdtomato was used as control to exclude that A549 could produce CD40L after infection per se. A dose-dependent increase of hCD40L was observed in infected cells ( Figure 4a ). Next, we sought to study the pharmacokinetics of transgene expression in vivo in tumor-bearing mice. To this end, nude mice were implanted with M4A4-LM3 breast tumors that were then injected with vvdd-hCD40L-tdTomato or control. At different time points, expression of tomato was analyzed by IVIS machine and simultaneously mice were bled for hCD40L quantification (Figures 4b, c and Supplementary Figure S1 ).
As expected, no difference in tdtomato expression was observed between the group of mice treated with vvdd-tdTomato and vvdd-hCD40L-tdTomato, confirming comparable transgene expression ( Figure 4b ). Simultaneously, ELISA for hCD40L was performed to quantify the protein in the serum and in the tumor. Interestingly, although hCD40L was undetectable in the serum at any assessed time points, high levels of hCD40L were found in the tumor at day 13 ( Figure 4c ). These results show that the expression of the transgene is tumor restricted, and they highlight the advantage of using oncolytic viruses as a delivery system when tumor-restricted expression is desired.
vvdd-hCD40L-tdTomato results in increased antitumor activity in CD40-positive tumors following intratumoral and intravenous administration We next sought to investigate the antitumor activity of vvddhCD40L-tdTomato in vivo. Nude mice bearing bladder cancer xenografts (EJ cell line, CD40 positive) were injected intratumorally. The CD40L-expressing virus showed significantly (P ¼ 0.031) increased antitumor activity compared with the unarmed virus, and all tumors were eventually cured ( Figure 5a ). In addition, as both viruses express tdTomato, virus replication could be followed by IVIS (Supplementary Figure S1a) . Interestingly, when the experiment was repeated in a CD40-negative cell line, vvddhCD40L-tdTomato lost its advantage over its paternal unarmed virus ( Figure 5b ).
We next wanted to assess the efficacy of the armed virus in the more challenging condition of intravenous administration. To this end, an experiment similar to the one described in Figure 5 were assessed. In addition, virus targeting and replication in the tumor were also measured (Supplementary Figure S1b) . Although both viruses seemed to be efficacious concerning their antitumor effect, no difference was observed between the two viruses following intravenous administration. There are many obstacles to successful systemic delivery of viruses. For example, blood cells, complement and antiviral cytokines, as well as nonspecific uptake by other tissues such as the lung, liver, spleen and macrophages, might prohibit the systemic delivery of the virus.
vvdd-hCD40L-tdTomato activates human lymphocytes and boosts their cytokine production In order to investigate the effect of vvdd-hCD40L-tdTomato on the human immunological cells, we performed a set of experiments using human lymphocytes. In the first experiment, we used human a B-cell derived cell line (Burkitt's lymphoma) stably expressing an NF-kB/AP-1-inducible secreted embryonic alkaline phosphate reporter construct (Ramos-Blue cells). This cell line is responsive to human CD40L and expresses alkaline phosphatase when activated. We cultured these cells with media filtered from A549 oncolysates (cells infected with oncolytic viruses). We found significantly enhanced activation when media derived from vvddhCD40L-tdTomato oncolysate was used (Figure 7a ). In order to translate these findings in more clinically relevant experiment, we repeated the experiment with human primary lymphocytes and followed their immunogenic cytokine profile over time. Interestingly, PBMCs treated with lysate from vvddhCD40L-tdTomato showed higher secretion of RANTES at 24-h time point, which is an indicator of T-helper cell type immunity and suggest induction of a cytotoxic T-cell response. (Figure 7b ).
Antitumor activity of CD40L in a syngenic immunocompetent mouse model In immunocompetent mice with subcutaneous B16-ova murine melanoma tumors, a significant increase in antitumor activity was seen in the groups treated with vvdd-tdtomato and vvddmCD40L-tdtomato (Figure 8 ). Mice treated with vvdd-mCD40L-tdtomato had also significantly increased overall survival (P ¼ 0.0191) compared with mock until day 60 when the followup was terminated (Supplementary Figure S3) . However, the difference between the groups receiving virus treatment or the difference between mock and vvdd-tdTomato was not considered statistically different. An important part of antitumor activity of CD40L is its effect on antigen-presenting cells and T cells. Flow cytometry analysis of the tumors revealed that mCD40L induces antitumor immune responses by recruiting lymphocytes, B-cells, dendritic cells and macrophages at the tumor site ( Figure 9 ). Although only the induction of NK-cells and dendritic cells were statistically significant, these findings may indicate that production of mCD40L in syngeneic B16-ova tumors prompted a strong Figures S4g and S5g) . In tumor-draining lymph nodes, the number of CD8 þ cells and macrophages was increased ( Supplementary Figures S5c and f) , which was not seen in distal draining lymphnode (Supplementary Figures S6c and f) .
DISCUSSION
In the present study, we report the results of the first human CD40 ligand expressing Western Reserve strain double-deleted vaccinia virus. The virus that we have generated presents several attractive 
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features compared with a similar virus that has been used in several clinical trials (JX-594). 29 First, our virus bears a double deletion, thymidine kinase (TK) and vaccinia growth factor (VGF). In addition, we have disrupted the TK gene not only by insertion of a cDNA as in earlier constructs but also by engineering, performing a partial deletion of DNA. This completely avoids any possibility of reconstitution of the wild-type TK gene in the event of expulsion of the transgene, which has been reported to occur. Although it has never been formally reported, we can speculate that 'evolutionally' the virus without the transgene that disrupt TK gene would have an advantage over the recombinant virus. In fact, we have noticed that the purification of vvdd starting with our shuttle plasmids requires less passage, and it is significantly more rapid than then purification of vvdd based on the other shuttle plasmid where TK is only disrupted but not deleted. 4 Another interesting new characteristic of our new virus is the use of tdTomato for virus identification. tdTomato bears excellent features such an increased photostability and better penetrance in the tissue. 35 This allows a better visualization of the virus in vitro and in vivo.
30,31
In a recent trial featuring another vaccinia strain, GFP was utilized to demonstrate that pox-lesions in the skin and mucous membranes of patients had virus and were not just reactive (Harrington K et al., oral communication at Oncolytic Virus Meeting, Las Svegas NV 2011). Without the fluorophore, the biosafety implications of the lesions might have been missed. Therefore, to understand the safety and shedding of oncolytic viruses, it could be quite important to have a non-invasively imageable transgene incorporated. The superior tissue penetration of tdTomato could be useful in case of lesions or adverse events occurring deeper than the skin. The imaging device we developed for imaging mice can be used in a human trial featuring a tdTomato-coding virus to evaluate presence, persistence and amplification in tumor versus normal tissues. While formal toxicity studies are needed, tdTomato is not expected to be toxic. 
CD40L-armed vaccinia virus S Parviainen et al
Vaccinia virus has legendary immunogenicity due to its use in eradication of small pox. However, this was achieved mainly through antibody induction, and in fact vaccinia per se is not very potent in inducing cellular immunity. 1, 36 It has a complex genome that encodes for several immunomodulatory proteins, including B18R, which naturally antagonizes innate cellular and antiviral responses initiated by type I interferons. 1 Its immunomodulatory properties make this virus an intriguing platform to express immune stimulatory molecules by rationale design.
To boost antitumor immune responses, we armed vaccinia virus with the human CD40 ligand (hCD40L). As hCD40L is not active in mice, a virus encoding murine CD40 ligand (mCD40L) was generated in order to study the immunological aspects of the approach. We hypothesized that enhancing the co-stimulatory molecules on CD40-expressing cells such as APCs (mainly macrophages and dendritic cells) would increase cross-priming of T cells. To our knowledge, this is the first report on oncolytic vaccinia virus-expressing CD40L. The only similar approach was taken by Ruby et al. where they have studied the antiviral activity of CD40L cloning such molecule in a non oncolytic replication-competent vaccinia virus. 32 They demonstrate that IL4-CD40L-expressing VV was attenuated to the extent that even immunocompromised mice could survive lethal infections. 32 These results are intriguing and simultaneously encouraging since they demonstrate that the CD40L-expressing vvdd virus might have even an additional extra-safety compared with unarmed vvdd. Obviously, additional safety is only useful if efficacy is retained, as suggested by our results here.
A similar approach has also been taken by Bereta et al.; they have generated and used a non oncolytic recombinant vaccinia virus-expressing CD40L to boost the immune system in the context of vaccination. 37 In their work, they show that the oncolysate from tumor cells infected with the CD40L-expressing vaccine was effectively capable to activate DCs stimulating secretion of IL12. Similar results have also been presented in study by feder-Mengus et al. that describe a CD40L replicativedeficient vaccinia virus resulted in APC activation thereby enhancing a tumor-specific T-cell response bypassing the requirement of activated T-helper cells. 38 All these data, taken together, support our work and give some insights on the mechanism of action of our virus.
In addition to the effect of human CD40L on the immune system, which cannot be tested in mouse experiments due to the species-specificity of CD40L, we observed a certain degree of advantage of the armed virus in CD40-expressing tumors.
In accordance with what has been previously suggested, that is, that interaction of CD40L with CD40 can cause apoptosis of tumor cells, 11 we have observed an advantage of the armed virus in CD40 þ tumor cell line in vivo. 
With murine CD40L we saw a significant tumor growth inhibition and prolonged survival in an immunocompetent mouse model. In addition, infiltration of lymphocytes and antigen-presenting cells was detected in the tumors. Although the differences between armed and unarmed virus were not statistically different, we observed a trend that might suggest certain advantage and enhanced immunological responses obtained when tumors were treated with vvdd-tdTomatomCD40L.
In summary, we have generated and tested a new doubledeleted vaccinia virus expressing the CD40L. This virus has increased safety and immunogenicity in addition to have a more pronounced capability to kill CD40-expressing tumors.
MATERIALS AND METHODS

Cell lines
Cancer cell lines used in this study included human breast cancer cell line M4A4-LM, 39 lung adenocarcinoma cells A549, human prostate cancer cell All vaccinia viruses used in this study are of the Western Reserve strain with disrupted TK and VGF genes for enhanced cancer cell specificity For generation of vvdd-tdtomato, the tdTomato gene 35 was cloned into pSC65 (a kind gift from Bernie Moss, National Institutes of Health, Bethesda, MD) under the control of the P7.5 promoter to create pSC65-tdTomato. hCD40L or mCD40L cDNA was inserted under the control of the pE/L promoter to create pSC65-tdTomato-CD40l. These shuttle plasmids were co-transfected with vvdd-luc in CV-1 cells. Successfully recombined viruses with tdtomato or with tdtomato-CD40l replaced luciferase from vvdd-luc. New viruses vvdd-tdtomato and vvdd-tdtomato-CD40L were selected by picking plaques positive for red fluorescent and negative for luciferase. Viruses were amplified on A549 cells and purified over a sucrose cushion, and titers were determined with a standard plaque assay on Vero cells as described previously. 4 PFU virus titers (PFU/ml) determined by using plaque assay have certain variability and are estimates of the true number of viruses. The presence of the inserted genes was verified by PCR, with fluorescent microscope and with FACSarray from the cells infeced with virus.
UV light inactivation of viruses was done as described before. 40 In brief, viruses were suspended in 10 mg ml À 1 psoralen in Hanks balanced salt solution containing 0.1% bovine serum albumin. The suspension was incubated for 10 min at room temperature and then irradiated in a CL-1000 UV cross-linker (UVP, Cambridge, UK) with UV-A light (365 nm) for 3 min. A 5-day plaque assay was used to confirm lack of replication-competent virus.
In vitro cytotoxicity assay Cells on 96-well plates were infected with different concentrations of virus suspended in growth medium containing 2% FCS. One hour later, cells were washed and incubated in growth medium containing 5% FCS FACSarray and flow cytometry hCD40l concentration in mouse serum and from tumor lysate was determined with FACSarray. To assess hCD40L concentration in blood or in tumor, mice were injected intravenously with virus, and bioluminescent imaging and blood samples were taken 3 and 13 days post injection. On 13 days post injection tumors were collected and lysed with ultrasonification. Samples were analysed with FACSarray for hCD40L quantification.
Cells and tissues from the C57Bl/6 mice bearing B16-ova were stained according to the manufacturer's instructions with respective antibodies and analyzed with a BD Accuri C6 flow cytometer (BD Biosciences, Franklin Lakes, NJ, USA). Antibodies used for staining were purchased from BD Biosciences: 553066-CD3, 550954-CD4, 553033-CD8, 561736-CD19, 55093-CD11b (Macrophages, MDSC), 553801-CD11c (DC), 560756-NKp46 and 553127-Gr1 þ (MDSC). Results were plotted with FacsAccuri C6 software (BD Biosciences).
Human-derived lymphocyte stimulation A549 cells were infected with different amount of vvdd-tdtomato of vvddhCD40l-tdtomato, and supernatant was collected 32h after infection. Supernatant was filtered through x mm filter and added on top of Ramos Blue cells for 24 h stimulation. Ramos-Blue cells are B-lymphocyte cell lines that stably expresses an NFkB/AP-1-inducible SEAP (secreted embryonic alkaline phosphatase) reporter gene. When stimulated, they produce SEAP in the supernatant. The levels of SEAP can be readily monitored using QUANTI-Blue, a medium that turns purple/blue in the presence of SEAP. Levels of activation were read with a microplate reader at the wave length of 450 nm.
Isolated human peripheral blood mononuclear cell stimulation Confluent 24-well plates of A549 cells were infected with vvdd-tdtomato or vvdd-hCD40L-tdtomato and were allowed to be lysed for 96 h. Samples and control without virus were freeze-thawed two times to completely lyse the cells. Isolated human PBMC (Tebu-bio) were grown as instructed. Lysate were added on top of PBMCs for 16 h, 1 or 3day stimulation; supernatants were analyzed by FACSarray for stimulation markers human TNF alpha, IL-1alpha, IL-6, IL-10 and RANTES.
Statistical analysis
Tumor sizes as a function of time were compared by Mann-Whitney U-test (SPSS 16.0; SPSS Inc., Chicago, IL, USA), and P-values of o0.05 were considered statistically significant. A single preplanned comparison of mean tumor volume was done by using a two-tailed t-test. Fot the data of survival experiments, a log-rank t-test was used for pairwise comparison of groups.
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